Using density functional theory calculations, a set of candidate nanoparticle catalysts are identified based on reactivity descriptors and segregation energies for the oxygen reduction and hydrogen evolution reactions. Trends in the data were identified by screening over 700 core@shell 2 nm transition metal nanoparticles for each reaction. High activity was found for nanoparticles with noble metal shells and a variety of core metals for both reactions. By screening for activity and stability, we obtain a set of interesting bimetallic catalysts, including cases that have reduced noble metal loadings and a higher predicted activity as compared to monometallic Pt nanoparticles. Published by AIP Publishing.
I. INTRODUCTION
There is global interest in clean energy sources that would reduce our dependency on fossil fuels. Hydrogen fuel cells are one such example, but they are limited, particularly for vehicle applications, by the cost of current platinum catalysts. While the hydrogen evolution reaction (HER) is rapid on Pt, the oxygen reduction reaction (ORR) is sluggish and has a considerable over-potential. 1 Computational analyses have shown that while Pt is the optimal monometallic catalyst, it over-binds oxygen particularly for small Pt nanoparticles (NPs). [2] [3] [4] Thus there is an opportunity to find better metal NP catalysts that are more active than Pt and more affordable if the loading of precious metals can be reduced.
Advances in computing resources and algorithms such as density functional theory (DFT) are now making the computational design of catalysts possible. 5 Greeley and Nørskov, for example, have used a high throughput approach to explore near surface binary alloys with improved activity over Pt for the ORR and HER. 6 They first predicted, and then experimentally verified, that a BiPt alloy has comparable activity to pure Pt for the HER. The Nørskov group also identified alloys that are active toward the ORR and found that the thermodynamic stability of surface alloys with a skin of Pd or Pt can be improved by the presence of a subsurface metal. Wang and Johnson 7 showed by screening for segregation energies of binary transition metal nanoparticles that the stability of bimetallic NPs depends on the relative Wigner-Seitz radius and cohesive energies of the component metals.
Previous work in our group [8] [9] [10] [11] [12] demonstrated the beneficial effects of alloying the core of core@shell and random alloy nanoparticles. Here we present a high-throughput study of 2 nm transition metal core@shell NPs for both the ORR and the HER. By exploring the landscape of potential catalysts, we a) B. Corona and M. Howard contributed equally to this work. identify trends in activity and potential novel catalysts for both reactions.
II. METHODOLOGY
Calculations were performed using density functional theory (DFT) as implemented by the Vienna ab initio simulation package. 13, 14 Core electrons were described using the projector augmented wave method. 15 Kohn-Sham single-electron wave functions were expanded in a plane wave basis with an energy cutoff of 274 eV to describe the valence electrons. The energy cutoff was increased to 400 eV to test for convergence, and the oxygen binding energy on Pt was found to vary by less than 0.01 eV. The generalized gradient approximation was used in the Perdew-Wang 91 functional 16 to evaluate the exchange-correlation energy. All atoms in the structures were allowed to relax and NPs were considered converged when the force per atom was less than 0.01 eV/Å. Spin polarization was considered for all calculations.
The NPs were generated as 79 atom bimetallic face centered cubic (FCC) truncated octahedra with 19 core atoms and 60 shell atoms, as shown in Fig. 1 . Each NP was converged in a box providing a typical vacuum gap of 8-10 Å between periodic images. Adsorbates were positioned in hollow sites on the (111) face of the NPs. 17, 18 Optimized structures were screened for deformation of one or more of the (111) faces. Particles with significant structural rearrangement were then excluded from the results.
Adsorbate binding energies for O and H were calculated as descriptors for the catalytic activity of the ORR and HER; 19 segregation energies were calculated as a measure of stability. 20 The binding energies of oxygen and hydrogen,
, where E npa and E bnp are the energy of the NPs with and without adsorbates bound, respectively, and E a is the reference energy of the adsorbate, which is taken to be half of the diatomic molecular energy. The activity for each reaction was determined from microkinetic models reported in the literature, 5, 6, 21 the result of which is reproduced in the volcano plots in Fig. 2 . Using the example of ORR, in the strong binding regime on the left side of the volcano, the reaction rate is limited by the release of oxygen species, while in the weak binding regime, the rate determining step becomes OOH formation. 5 Segregation energies were calculated to estimate the thermodynamic stability of the NP in vacuum and in the chemical environment of the HER and ORR with H and O adsorbates bound to the surface. Previous studies have reported that an adsorbate can drive subsurface metals to the surface. 20 By calculating the segregation energy for both adsorbates, we were able to exclude nanoparticles with possible subsurface segregation from our list of the best candidates for synthesis. The segregation energy, E seg = E sbn E bnp , was calculated by taking the difference in energy between a bare particle (E bnp ) and a particle with one core and shell atom exchanged (E sbn ). The thermodynamic stability of the NP under reaction conditions was estimated from the segregation energy in the presence of adsorbates. The segregation energy in the presence of an adsorbate was calculated in the same way as E seg with both NP models having an adsorbate bound at the hollow site where the exchange of the shell and core atoms was done.
The best scenario for stability is for the particles to have positive segregation energies both in vacuum and under reaction conditions. Particles that are only stable under reaction conditions may also be suitable, whereas unstable particles are likely to undergo structural rearrangements and not show the predicted activity. We should note that this computational test of NP stability, while appropriate for rapid screening, is not comprehensive. Considering adsorbate coverage, as in a Pourbaix analysis, would be better. While this would determine thermodynamic stability, NPs could also be kinetically trapped in catalytically active structures, where the stability is hard to determine theoretically. It would therefore also be appropriate to suggest candidate NP catalysts from our rapid screening to experimentalists for the definitive determination of activity and stability.
III. RESULTS AND DISCUSSION

A. Oxygen reduction reaction
The activity of the core@shell NPs considered is shown in Fig. 3 and their stability in Fig. 4 . Together, these charts can be used to identify candidate core@shell NPs for oxygen reduction. The activity plot shows that the shell metal is the dominant factor for catalytic activity. This is apparent from the greater variation across the columns of the activity chart as compared to the rows. Low activity on the chart is predominantly due to either a less noble (lower group) shell or a smaller period shell. In these cases, the low activity is due to oxygen binding on the strong-side of the volcano. Only in the case of Au shelled NPs was lower activity due to falling too far on the weak-binding side of the volcano. A significant difference was observed between the binding energies of 3d metals and 4d metals in group 10 and 11 shells and also between 3d and 5d metals. This difference disappeared in a t-test run between 4d and 5d shelled NPs. These results indicate that systematic tuning of the binding energy can be achieved by altering the shell metal. Most importantly, this result shows that catalysts with activity equal to or greater than Pt are typically limited to 4d and 5d metal shells in groups 9, 10, and 11.
As expected, Pt and Pd served as highly active shells for catalysis; alternative shell metals include Ag and Ir. Ag is particularly interesting because of the lower cost of Ag as compared to current Pt catalysts. The binding energy of Ag NPs lies close to the peak of the volcano, whereas bulk Ag is on the weak-binding branch. We should note, however, that Ag is known to dissolve in the acidic environments favored for fuel cell applications and so these candidates may only be appropriate in alkaline conditions. The increase in binding for NPs as compared to bulk can also be seen for Pt 79 which binds O at 1.77 eV as compared to 1.51 eV on a Pt slab. The other shell element that benefited from an increased binding in NP form was Au, but as we show, the activity is still too weak to produce a useful catalyst. In Table I , we have listed the top candidate Ag shell NPs that could be further investigated. As well as screening for adsorbate binding energy, we also investigated NP stability. This was done by calculating segregation energies of the NPs in vacuum, with an adsorbate bound, and by visually inspecting for deformation of one or more of the (111) binding faces. In general, deformation occurred more commonly in 3d metal shells, specifically among lower group metals. Within the 3d shell metal columns, atomic radius of the core metal was a good predictor of deformation. Group 6 and greater core metals proved to be less likely to deform in the 3d shells compared to group 3 metals like Y and Sc. Similar to the deformation screening, segregation energy calculations significantly reduced the number of candidate NPs with high activity and stability. While many NPs were unstable in both configurations, there was a general trend of stability along the diagonal of the figure. These stable candidates often have cores with less full valence shells (which are represented as cells slightly above the diagonal). These stable core atoms tended to be cores that were in the middle of the d-block such as Mn, Fe, Ru, Os, and Ir.
Based on the screening of activity, deformation, and stability, it was possible to identify a variety of NPs that fit all of the criteria for being a stable catalyst; these results are presented in Table I .
B. Hydrogen evolution reaction
The window for acceptable binding energies in HER was tighter due to the steeper slopes in the volcano plot. To account for this, the activity ranges of interest were widened. Any NP with an activity above 5 (blue colored entries in Fig. 5 ) was considered a potential candidate for catalysis. Similar to the ORR, the nobility of the shell plays a primary role in determining the activity of the NP. Shells from within groups 8, 9, and 10 exhibited the best activity while other NP shells bound H too tightly. Also, as with ORR, Au is not active, but unlike ORR, the set of Ag-shelled NPs provided only one candidate in the most active category. Cu provided multiple active candidates, which is of interest because Cu is cheaper than other candidates including Pd and Pt that are known to have high HER activities. Unlike ORR, certain core elements play a significant role in the HER by reducing the activity of their respective NPs. Ag and Au cores, for example, gave rise to inactive NPs nearly regardless of shell. In a similar manner, metals from the left side of the d-block such as Sc, Y, Zr, and Hf all contributed to either reduced activity or deformation of the NP.
The stability of NPs for HER is shown in Fig. 6 . Once again, Pt and Pd shelled NPs were the only stable candidates that had cores with binding energies on either side of the volcano peak and thus allow for alloy tuning of the core. Due to the smaller size and electronegativity of the adsorbate molecule, fewer NPs were found to deform upon adsorbate binding. The result of elements with large radii not fitting in 3d element shells was consistent to what was found for ORR. Moving toward the right of the graph, however, deformity was less frequent. Considering both activity and stability developed, Table II shows our best candidates for synthesis. 
IV. CONCLUSION
High-throughput screening of activity and stability showed trends across hundreds of core@shell bimetallic NPs. The top candidates listed in Tables I and II for the ORR and HER are calculated to be stable under reaction conditions and active as compared to a Pt(111) reference.
